U7 small nuclear RNA (snRNA) sequences have been described only for a handful of animal species in the past. Here we describe a computational search for functional U7 snRNA genes throughout vertebrates including the upstream sequence elements characteristic for snRNAs transcribed by polymerase II. Based on the results of this search, we discuss the high variability of U7 snRNAs in both sequence and structure, and report on an attempt to f ind U7 snRNA sequences in basal deuterostomes and non-drosophilids insect genomes based on a combination of sequence, structure, and promoter features. Due to the extremely short sequence and the high variability in both sequence and structure, no unambiguous candidates were found. These results cast doubt on putative U7 homologs in even more distant organisms that are reported in the most recent release of the Rfam database.
Introduction
The U7 small nuclear RNA (snRNA) is the smallest polymerase II transcript known to date, with a length ranging from only 57 nt (sea urchin) to 70 nt (fruit fly). Its expression level of only a few hundred copies per cell in mammals is at least three orders of magnitude smaller than the abundance of other snRNAs. It is part of the U7 small nuclear ribonucleoprotein (snRNP), which plays a crucial role in the 3 end processing of histone mRNAs (1 ) . Replication-dependent histone mRNAs in metazoa are the only known eukaryotic protein-coding mRNAs that are not polyadenylated ending but contain a conserved stem-loop sequence instead (2 ) . Beyond metazoan animals, non-polyadenylated histone genes have been described in the algae Chlamydomonas reinhardtii and Volvox carteri (3 ) , and Dictyostelium discoideum has a homolog of the histone RNA hairpin-binding protein/stem-loop-binding protein (HBP/SLBP) (DictyBase: DDB0169192). It appears that replication-dependent histone mRNAs are *Corresponding author. E-mail: studla@bioinf.uni-leipzig.de the only mRNAs that are processed in this way (4 ) .
The 5 region of the U7 snRNA is complementary to the "histone downstream element" (HDE), located just downstream of the conserved hairpin. The interaction of the U7 snRNP with the HDE is crucial for the correct processing of the histone 3 elements (1 ). The 3 part of the U7 snRNA is occupied by a modified binding domain for Sm proteins consisting of a characteristic sequence motif followed by a conserved stem-loop secondary structure motif (5 ) . U7 snRNA binds five of the seven Sm proteins that are present in spliceosomal snRNAs, while the D1 and D2 subunits are replaced by the Sm-like proteins Lsm10 and Lsm11 (6) (7) (8) . This difference is likely to be associated with the differences in the Sm-binding sequence. Recently, the U7 snRNP has not only received considerable attention from a structural biology point of view (9 , 10 ) , but also has been investigated as a means of modifying splicing dys-regulation. In particular, U7 snRNA-derived constructs that target a mutant dystrophin gene were explored as a genetherapy approach to Duchenne muscular dystrophy (11 , 12 ) . Given the attention received by histone RNA 3 end processing and the protein components of the U7 snRNP, it may come as a surprise that the U7 snRNA itself has received little attention in the last decades. In fact, the only two experimentally characterized mammalian U7 snRNAs are those of mouse (13) (14) (15) (16) and human (1 , 17 ) , while most of the earliest work on U7 snRNPs concentrated on the sea urchin Psammechinus miliaris (18) (19) (20) (21) and two Xenopus species (22) (23) (24) . More recently, the U7 snRNA sequences have been reported for Drosophila melanogaster (25 ) and Takifugu rubripes (26 ) .
We are aware of only two studies that considered U7 snRNA from a bioinformatics point of view. In Lück et al (27 ) , the U7 snRNA was used as an example for the application of the Construct tool to compute consensus secondary structures, and Bompfünewerer et al (28 ) briefly reported on a BLAST-based homology search that uncovered candidate sequences for chicken and two teleost fish.
The U7 snRNP-dependent mode of histone end processing is a metazoan innovation (2 , 6 ). Nevertheless, the most recent release of the Rfam database (29 ) (Version 8.0; February 2007) lists sequences from eukaryotic protozoa, plants, and even bacteria. This discrepancy prompted us to critically assess the available information on U7 snRNAs.
Results

Bona fide U7 snRNA sequences
The results of the BLAST-based searches are summarized in Table 1 . In most species, only a single gene with clear snRNA-like upstream elements was found. In addition, BLAST identified several pseudogenes. Clusters of U7 snRNAs as previously described for sea urchins and frogs were otherwise only found in zebrafish ( Figure 1) .
The short length and the substantial divergence of the U7 snRNA sequences make it impossible to distinguish functional U7 snRNAs from pseudogenes based on the U7 sequence alone. To make this distinction, it is necessary to analyze the flanking sequences as well. Bona fide snRNA genes are accompanied by characteristic promoter elements (30 , 31 ) . Figure 2 displays the consensus sequence motifs of the presumably functional amniote U7 snRNAs.
In human and mouse, several pseudogenes have been described in detail in addition to the functional genes (16 , 32 ) . Notably, several variant U7 snRNA sequences from human HeLa cells were reported in Yu et al (17 ) . This might indicate that the human genome, in apparent contrast to mouse, also contains more than one functional U7 snRNA gene, or that some of the pseudogenes are transcribed at low levels. Table 1 therefore lists the number of U7-associated loci obtained by BLAST searches that use the presumably functional gene from the same species as query. This number can be fairly large in some mammalian lineages, reaching almost 100 loci in primates. In contrast, in most species there are only a few U7-associated sequences, most of which are readily recognizable as retrogenes by virtue of poly-A tails.
In several genomes, we were not able to find an unambiguous candidate for a functional U7 snRNA, although we found sequences that are clearly derived from U7 but are not accompanied by a recognizable proximal sequence element (PSE). Examples include Sorex araneus and platypus. Most likely, these BLAST hits are pseudogenes, although many of them are annotated with Ensembl gene IDs. This annotation derives from sequence homology with the examples stored in the Rfam database. In Figure 3 and Table 1 , we compile the results of our BLAST-based homology search, which contain only sequences that are either experimentally known to be expressed or are predicted to be functional genes based on the presence of conserved upstream elements.
Separate multiple sequence alignments of amniotes, teleosts, frogs, sea urchins, and flies reveal strong conservation of the Sm-binding motif, consisting of the deviant Sm-binding site RUUUNUCYNG and the 3 hairpin structure. Furthermore, the histone-binding region contains a universally conserved box UCUUU (33 ) . Using these features as anchors, we obtained the alignment in Figure 3 , which highlights the differences between major clades. Notable variations within the vertebrates are in particular the A-rich 5 and the reduced stem in teleosts, and their A-rich sequences in the hairpin loop. The hairpin region is very poorly conserved at the sequence level between vertebrates, sea urchins, and flies, although its structural variation is limited in essence to the length of the stem and a few short interior loops or single-nucleotide bulges.
More distant homologs?
The U7 snRNA sequences evolve rather fast. Together with the short sequence length, this limits the power The "U7" track shows BLAST matches of the U7 snRNA sequences; "RepeatMasker" refers to annotated repetitive sequence elements; the "RefSeq" track shows the intron/exon structure of protein-coding genes; the "Conservation" panel displays PhastCons score measuring sequence conservation across vertebrates. We refer to the data track description at the USCS Genome Browser for technical details.
Conserved elements in functional U7 snRNA genes. The consensus pattern is the amniote sequences from Table  1 . The classical distal sequence element (DSE), proximal sequence element (PSE), and 3 element of pol-II spliceosomal RNA genes are clearly discernible. The U7 sequence itself is interrupted by a short variable region with substantial length variation.
of sequence-based approaches to distant homology search. The consensus pattern in Figure 3 indicates quite clearly that such methods are bound to fail outside the four groups with experimentally known sequences (tetrapods, teleosts, sea urchins, and flies). Indeed, both BLAST and Fragrep (34 ) did not provide additional candidates that could be unambiguously classified as U7 snRNAs based on sequence information alone. The comparison of the U7 hairpins in the different clades ( Figure 4 ) reveals significant differences in the secondary structures between invertebrates and vertebrates: vertebrates have smaller stem-loop structures with smaller or no interior loops or bulges. The stem in teleosts, furthermore, is systematically shorter than that in tetrapods. These structural differences between clades have to be taken into account for homology search. In fact, as a consensus rule, we can only deduce that the stem-loop structure has a total of 8-15 bp, which is nearly symmetric, and it is enclosed by an uninterrupted stem at least 5 bp in length with 2 GC pairs at its base.
Even combined with the conserved sequence motifs in the 5 part of the molecule, it yields only a rather loose definition of the U7 snRNA. Release 8.0 of the Rfam database (29 ) lists several sequences in its U7 RNA section that are surprising. Neither contained in the literature nor contained in the manually curated U7 "seed-set", these candidate sequences were found using a homology search based on Infernal (35 ) and the seed alignment. While the Danio rerio sequences are identical with the sequences we identified in work starting from the much closer homolog in T. rubripes, the candidates reported for Caenorhabditis elegans and Girardia tigrina raise serious doubts. The C. elegans sequence, although ostensibly well conserved in comparison with the deuterostome sequences, has no recognizable homologs in any one of the other three sequenced Caenorhabditis species, C. briggsae, C. remanei, and C. reinhardii. The G. tigrina sequence is located in the 3 UTR of the DthoxEHox gene (X95413). Both sequences furthermore do not share even the core UUUNUC of the consensus Sm-binding motif. 
Fig. 5
Best candidates from searches using RNABOB in Petromyzon marinus, Branchiostoma floridae, and Bombyx mori. In addition to the putative U7 snRNA sequences shown here, these candidate sequences also have a putative PSE associated with them.
Several additional candidates were reported in the Rfam database for higher plants and even bacteria. Higher plants apparently do not have the replicationdependent metazoan-style histone 3 end processing machinery (2 , 6 ), and bacteria do not even have proper histones. It is very unlikely that these sequences are real U7 snRNAs. No conclusive argument can be given at this point for the few isolated U7 snRNA candidates listed in the Rfam database. These examples show once again that at least for very short non-coding RNAs, the results from homology searches have to be taken with caution, in particular when they are not corroborated by additional supporting evidence.
The poor sequence conservation between major groups highlighted in Figure 3 suggests that purely sequence-based homology searches have little chance of success in insect or basal deuterostome genomes. Indeed, neither BLAST nor Fragrep found convincing candidates. We therefore resorted to structurebased approaches and explicitly included the PSE in the search procedure (see Materials and Methods for details). We used RNABOB software with a nonrestrictive pattern to find plausible initial candiates, which were then manually compared with the alignment in Figure 3 . The most plausible candidates are shown in Figure 5 , albeit none of them is unambiguous. No convincing candidates were found in the mosquito Anopheles gambiae and in the honeybee Apis mellifera.
Discussion
Since U7 snRNA has its primary function in histone 3 maturation, it is virtually certain that this class of non-coding RNAs is restricted to metazoan animals-after all, the process in which they play a crucial role is unknown outside multicellular animals. With its length of 70 nt or less, U7 snRNA is the smallest known polymerase II transcript. Each of its three major domains, the histone-binding region, the Sm-binding sequence, and the 3 stem-loop structure exhibits substantial variation in both sequence and structural details, as can be seen from the detailed sequence alignments (Figure 3 ) and the structural models of the terminal stem-loop structure ( Figure 4) . As a consequence, our computational survey not only compiles a large number of previously undescribed U7 homologs from vertebrates and drosophilids, but also stresses the limits of current approaches to RNA homology search. While BLAST already fails to unambiguously recognize teleost fish homology from mammalian queries and vice versa, even more sophisticated (and computationally expensive) methods have limited success when applied to basal deuterostome or insect genomes. On the other hand, not only the limited sensitivity of current approaches poses a problem; conversely, the most sensitive methods are fooled by false positives, as exemplified by the plant and bacterial sequences in Rfam.
In summary, thus, this study calls both for more experimental data on U7 snRNAs-Which, if any, of our U7 candidate sequences in lamprey or silkworm are really U7 snRNAs in these species?-and for improved bioinformatics approaches for homology search that can deal with such small and rapidly evolving genes.
Materials and Methods
The experimentally known U7 snRNA sequences were retrieved from GenBank database (http://www.ncbi. nlm.nih.gov/entrez). Starting from the known functional mouse gene (GenBank X54748.4), we used the built-in BLAST search function of Ensembl (http://www.ensembl.org; Release 43) to retrieve homologous regions in other mammalian genomes and the chicken genome. Parameters were set to "distance homologies" and repeat-masking was disabled. The resulting sequences were downloaded and aligned using both DIALIGN2 (36 ) and ClustalW (37 ) to determine whether the characteristic up-and downstream elements were present. In order to check for consistency, we compared these alignments with the Ensembl genomic alignments of the homologous human locus. In all cases, Ensembl data and our own search gave consistent results. The T. rubripes U7 snRNA sequence described in Myslinksi et al (26 ) was used as starting point for searching the teleost fish genomes.
Drosophilid sequences, with the exception of D. melanogaster (which was retrieved from Ensembl), were obtained from the website of the Drosophila Comparative Genomics Consortium (http://rana.lbl. gov/drosophila/caf1.html). The D. melanogaster U7 snRNA region (25 ) was used as BLAST query, resulting in a unique hit in each of the other drosophilid genomes that exhibits the characteristic upstream elements. In addition, at most one putative pseudogene was found in some species.
Sequence alignments of U7 sequences were generated separately for mammals, sauropsids, teleosts, frogs, sea urchins, and flies using ClustalW. These alignments were combined manually using the RALEE mode for Emacs (38 ) . Consensus secondary structure for a given sequence alignment was computed using RNAalifold (39 ) .
We expanded the tool aln2pattern, the component of the Fragrep distribution (34 ) that generates a collection of position weight matrixs as search patterns with a "Sequence-Logo" style output derived from the WebLogo PostScript code (40 ) . This provides a convenient way of generating graphical representations of sequence patterns that consist of collections of local motifs from a single multiple sequence alignment.
In addition to purely sequence-based methods, we also searched for more distant homologies based on combined sequence/structure patterns using Sean Eddy's RNABOB software (downloaded from ftp:// ftp.genetics.wustl.edu/pub/eddy/software/rnabob-2.1. tar.Z). We constructed search patterns comprising the most conserved motifs of the histone-binding site, the Sm-binding motif, and the stem-loop structure at the 3 end that is enclosed by two GC pairs. In order to increase specifity, we additionally included a speciesspecific model of the PSE, which was derived from the upstream regions of the spliceosomal snRNAs U1, U2, U4, U5, U4atac, U11, and U12. These snRNAs are larger and better conserved than the U7 snRNAs. Hence they were straightforward to find in most of the metazoan genomes where they were not annotated previously. The RNABOB descriptors are listed in Supporting Online Material (http://www.bioinf.unileipzig.de/Publications/SUPPLEMENTS/07-010/).
